Abstract -Three advanced nuclear power systems use liquid salt coolants that generate tritium and thus face the common challenges of containing and capturing tritium to prevent its
I. INTRODUCTION
at temperatures typically between 600°C and 700°C. Hydrogen (tritium), unlike other elements, can diffuse through metallic heat exchangers and escape the reactor system. To avoid exceeding allowable tritium releases to the environment, tritium removal from the salt coolant and barriers is required.
Two sequential workshops were held to address common challenges: (1) Workshop on Tritium Control and Capture in Salt-Cooled Fission and Fusion Reactors: Experiments, Models and Benchmarking 1,2 and (2) FHR Integrated Research Project (IRP-2) Workshop 2: Benchmarking. 3 The workshop objectives were to bring together researchers involved in experiments, modeling, and benchmarking for tritium control at ϳ700°C in liquid salts and related systems to (1) exchange information, (2) initiate an effort for benchmarking of experiments and models, and (3) encourage cooperation between different groups working on the same challenges.
This critical review summarizes both workshop results including descriptions of the power systems that use high-temperature salts (Sec. II), the common chemistry and tritium challenges (Sec. III), ongoing work removing tritium using carbon (Sec. IV), other technologies for tritium control (Sec. V), and tritium barriers (Sec. VI).
II. SALT-COOLED POWER SYSTEMS
There is a rapidly growing interest in fission and fusion systems using salt coolants 4, 5 that is driven by separate developments in (1) FHRs, MSRs, and fusion and (2) gas turbine power systems that can couple to salt-cooled reactor systems. The interest in developing these technologies is the driving force for the need to develop tritium control technologies in 700°C salt.
The choice of salt depends upon the application, but in most cases the baseline coolant is a lithium-berylliumfluoride salt known as FLiBe ( 7 Li 2 BeF 4 ) because it has the best thermal-hydraulic and neutronic properties. However, it does generate tritium if irradiated. There have been many studies comparing salts for specific applications. [6] [7] [8] [9] [10] [11] The characteristics of the FLiBe as well as some of the other potential salts are listed in Table I .
All proposed salts are multicomponent salts to lower the melting points. The primary coolant system is a closed loop that operates at atmospheric pressure with nominal core coolant inlet and outlet temperatures of 600°C and 700°C, respectively.
II.A. Salt-Cooled Power Systems

II.A.1. Fluoride Salt-Cooled High-Temperature Reactors
The FHR (Ref. 12 ) uses salt coolant and the graphitematrix coated-particle fuel developed for high-temperature gas-cooled reactors (HTGRs). Advances in the fuel are enabling the development of the FHR. Because the FHR uses a proven fuel and a clean salt coolant, it is the near-term commercialization option for a salt-cooled reactor. Three different fuel designs are proposed by different groups ( Fig. 1 ):
1. Pebble bed: The pebble-bed FHR (Ref. 13 ) uses 3-cm-diameter graphite pebbles with embedded coatedparticle fuel, which is the same basic fuel geometry that was used in the German HTGRs and will be used in the Chinese HTGRs that are under construction. The pebblebed design is the most developed of the salt-cooled FHR designs. The Chinese Academy of Sciences (CAS) plans to build a 10-MW(thermal) pebble-bed FHR test reactor in the next decade. Like pebble-bed HTGRs, this design allows online refueling. Because carbon adsorbs tritium, there is the potential option in this reactor of using the fuel pebbles as a tritium removal system. It is the near-term FHR option.
Plate fuel:
Oak Ridge National Laboratory 14 (ORNL) is developing a plate fuel where the hexagonal fuel assembly is similar in shape to a sodium-cooledreactor fuel assembly. The fuel plates are made of a carbon-carbon composite with the coated-particle fuel on the plate surfaces. It is a "traditional" type of fuel assembly with a refueling strategy similar to a sodium fast reactor, which is another low-pressure reactor.
Fuel inside radial moderator (FIRM):
This FHR core design 15, 16 is somewhat similar to the 14 operating British advanced gas-cooled reactors (AGRs) except for use of a salt coolant, higher power densities, and the details of the fuel design. The AGRs are graphitemoderated carbon dioxide-cooled high-temperature reactors with gas exit temperatures of 650°C. The AGR fuel consists of UO 2 pellets in stainless steel pins with an assembly consisting of a circular array of pins inside an annular graphite shell. The reactor core is graphite with vertical cylindrical channels for the fuel assemblies.
The FHR FIRM assembly replaces the AGR fuel assembly with a graphite cylinder containing liquid-salt cooling channels and fuel channels filled with coatedparticle fuel in carbon-matrix pellets, which is a cylindrical variant of the prismatic fuel blocks used in some HTGRs. FIRM assemblies would be refueled using the same refueling strategies used by the AGR, pulling assemblies straight up through the vessel cover. AGRs refuel online at ϳ650°C, similar to FHR operating temperatures.
The baseline coolant is FLiBe because it has the best thermal-hydraulic and neutronic properties, but it has two drawbacks: Isotopically separated 7 Li is expensive, and beryllium is toxic. The other salts can be used but with neutronic or thermal-hydraulic penalties. All the concepts have operating temperatures between 600°C and 700°C, respectively. The lower temperature is partly based on being significantly above the melting points of these salts, and the higher temperature is based on existing commercially qualified materials for primary heat exchangers. Because FHRs use liquid rather than gas coolants, their power densities are four to ten times higher than comparable gas-cooled reactors.
II.A.2. Molten Salt Reactors
Molten salt reactors were first developed as part of the aircraft nuclear propulsion program in the 1950s and then as thermal-neutron-spectrum breeder reactors using the thorium fuel cycle in the 1960s. The Molten Salt Reactor Experiment (MSRE), an 8-MW(thermal) reactor (Fig. 2) , successfully demonstrated the technology in the late 1960s. This reactor used FLiBe salt with fuel and fission products dissolved in the salt. The reactor used bare graphite as the neutron moderator. The program was canceled in the early 1970s when the United States decided to focus its breeder reactor program on sodium-cooled fast reactors (SFRs). Partly because of changing goals and partly because of technological advances over the last several decades in other fields that have addressed some of the MSR developmental challenges, in the last decade [17] [18] [19] [20] there has been a renewed interest in MSRs for several reasons:
1. Fuel cycle versatility: MSRs can operate on a variety of fuel cycles including thorium breeder fuel cycles and various cycles that destroy actinides. This capability has been increased by recent work to develop fast-spectrum MSRs. 3. Safety: MSRs enable alternative safety strategies relative to solid fuel reactors including (a) dumping the liquid fuel to critically safe passively cooled tanks under any accident scenario and (b) potentially minimizing the inventory of longer-lived fission products such as cesium in the reactor that may dominate the accident source term and the potential for land contamination. The second option is enabled by the advanced separation technologies to remove and solidify selected fission products while the reactor is online.
Three classes of MSRs are being investigated 20 with different characteristics but with common high-temperature salt challenges:
1. Thermal-neutron-spectrum MSRs: These MSRs use fluoride salts with fuel dissolved in the salt and graphite in the reactor core to create a thermal neutron spectrum. The MSRE was this type of MSR. The CAS plans to build a small 2-MW(thermal) MSR by 2020 with an emphasis on the thorium fuel cycle for fuel sustainability.
Fast-spectrum MSRs:
These MSRs use either fluoride or chloride salts with fuel dissolved in the salt. There are no neutron moderators in the system. Examples include the European concept that uses a lithium heavy-metal fluoride salt and the Terrapower breed-and-burn concept that uses a chloride salt. For high breeding ratios, chloride fastspectrum reactors require isotopically separated 37 Cl.
3. Fast-spectrum pin MSRs: These MSRs (Ref. 21) use two molten salts with reactor designs somewhat similar to SFRs. The fuel pins contain liquid chloride salts with dissolved fuel. A second clean liquid salt is used to cool the fuel assemblies. The replacement of solid fuel in the fuel pins with a liquid fuel salt (a) allows higher temperatures, (b) enables a traditional fast reactor with a large negative temperature coefficient due to expansion of the liquid fuel with temperature, (c) minimizes stresses on the cladding, and (d) provides a simplified method to recycle fuel or replace cladding.
II.A.3. High-Magnetic-Field Fusion Reactors
Advances in magnetic fusion may drive fusion systems to use liquid salt coolants. For any given fusion power level, the size of a magnetic fusion device is proportional to one over the magnetic field to the fourth power. Practical fusion machines require superconducting wire or tape to generate the magnetic fields while minimizing electrical consumption by the magnets. However, superconductors lose their superconducting properties in high magnetic fields.
In the last 5 years, methods have been developed to manufacture rare-earth barium copper oxide (REBCO) superconductor tapes. This superconductor enables magnetic fields at the coil Ͼ22 T, which is more than twice the capability of older superconductors.
REBCO superconductors may enable doubling the practical peak magnetic field in a fusion machine and thus reduce the volume of fusion systems by an order of magnitude. The radius of a 500-MW plasma fusion system would be ϳ3 m, which is the size of several magnetic fusion devices already built with power levels of ϳ10 MW. Figure 3 shows JET (an existing fusion experimental device in the United Kingdom) and the proposed highmagnetic-field fusion system based on REBCO superconductors. 22 Figure 4 shows the high-magnetic-field fusion system in more detail.
Increasing fusion power density by an order of magnitude improves long-term economic viability. However, it imposes major changes in fusion blanket design because of the higher power densities. Historically proposed blankets have been solid lithium-containing materials for production of tritium fuel ( 6 Li ϩ n ¡ 3 H ϩ 4 He). The higher power densities will likely require changing to a liquid blanket (Fig. 4) Figs. 3 and 4) , it is easier to assure effective neutron shielding (no holes or cracks) with ultrahigh radiation levels. Fusion generates ϳ17 MeV per fusion of tritium and deuterium; most of this energy is in the form of 14-MeV neutrons. The liquid salt slows down the neutrons, captures the neutrons to produce tritium, and absorbs the heat (14 MeV) in the liquid. The heat transfer challenges in solid fusion blankets become very difficult at these very high power densities.
The liquid blanket choices are (1) FLiBe or (2) a liquid metal coolant containing lithium (lithium, lead-lithium, etc.). A lower-electrical-conducting liquid salt rather than liquid lithium or a lead-lithium eutectic is preferred to ease magneto hydrodynamic issues such as coolant pumping and plasma control with the very large magnetic fields associated with these new superconductors.
II.B. Nuclear Air-Brayton Combined Cycles
Salt coolants were originally developed for the Aircraft Nuclear Propulsion Program in the 1950s with the goal of coupling a nuclear reactor to aircraft jet engines.
They were chosen because they could meet the requirements of the jet engines, delivering heat to the power cycle between 600°C and 700°C. Recent advances in utility natural gas combined cycle technologies now enable coupling these reactors to an open nuclear airBrayton combined cycle (NACC) or closed Brayton power cycle. This enables providing baseload electricity with additional variable peak electricity produced by using auxiliary natural gas, biofuels, hydrogen, or stored heat to (1) increase nuclear plant net revenue by 50% to 100% relative to baseload nuclear plants and (2) enable a low-carbon nuclear renewable electricity system. These developments create large incentives to develop saltcooled reactors.
During baseload operation (Fig. 5 ) of a NACC (Refs. 23 through 26), atmospheric air is filtered, the air is compressed, heat is added from the reactor through a liquidsalt coiled-tube heat exchanger, the hot compressed air goes through a turbine to produce electricity, the air is reheated and goes through a second turbine, the warm air exiting the gas turbine goes through a heat recovery steam generator to generate steam that is used to produce added electricity, and the air is exhausted to the stack. If coupled to a salt-cooled reactor delivering heat between 600°C and 700°C, heat-to-electricity efficiency is 42%. This specific example uses a modified General Electric 7FB gas turbine.
The baseload NACC temperatures, determined by heat exchanger material temperature constraints, are far below maximum peak gas turbine temperatures. Thus, there is the option of adding heat (natural gas, stored heat, etc.) after the nuclear heating to further raise compressed gas temperatures before entering a power turbine-a topping cycle. The incremental heat-to-electricity efficiency depends upon the design, ranging from 66% to 70%-a thermodynamic topping cycle. This is the most efficient system known to convert heat to electricity based on existing technology and far above the 60% efficiency of stand-alone combined cycle natural gas plants.
An economic analysis 27 was done on the performance of a FHR with NACC using natural gas to produce peak electricity in the California and Texas markets. The peaking capability increased the plant yearly revenue by ϳ50% after subtracting the cost of the natural gas compared to a baseload nuclear plant. Because NACC is more efficient than a stand-alone natural gas combined cycle plant in converting natural gas to electricity (uses less natural gas), its electricity production costs for peak electricity are less than a stand-alone natural gas plant; thus, it earns large profits when electricity prices are set by natural gas plants.
The addition of wind and solar in some electricity grids has resulted in significant hours per year with very low electricity prices. [28] [29] [30] In such utility systems it is proposed that a firebrick resistance-heated energy storage (FIRES) system 26 replace the use of natural gas for providing heat to produce peak electricity in the NACC power cycle. FIRES consists of high-temperature firebrick heated to high temperatures with electricity at times of low or negative electric prices. For peak electricity production, the compressed air after nuclear heating is sent through the firebrick to raise its temperature before going to the turbine. The round-trip storage efficiency from electricity to heat to electricity is ϳ66%, based on ϳ100% efficiency in resistance electric conversion of electricity to hot firebrick and 66% efficiency in conversion of incremental heat to electricity within NACC. FIRES enables the reactor to operate at baseload at all times while the station buys electricity from the grid at times of low prices to charge FIRES, sends its own electricity to FIRES at times of low prices, and sells electricity at times of high prices.
Such power cycles impose added requirements on tritium control systems. In steam and similar closed power cycles, heat is rejected to cooling water through cold heat exchangers. The diffusion rates of tritium through cold heat exchangers are low, and thus, the heat exchanger is a good barrier against tritium escape. In a gas turbine, cycle heat is transferred from salt to compressed air through hot heat exchangers with much higher rates of tritium diffusion. Containing tritium in the salt-cooled reactor with a NACC is more challenging. Table II summarizes some of the differences and similarities in salt coolant requirements among the different reactor concepts. Carbon in the system can have a large impact on system behavior because carbon can absorb tritium and other impurities in the salt and has other chemical impacts. The choice of salt depends upon neutronic and thermal-hydraulic considerations.
III. SALT CHEMISTRY AND TRITIUM GENERATION
Most proposed salts contain lithium because of its ability to lower the melting points of these salts to a few hundred degrees Celsius. For the FHR and MSR, one wants low neutron absorption cross sections with minimum tritium production. If a lithium salt is used, isotopically separated 7 Li must be used to minimize neutron absorption and tritium production. There are other salt choices for the FHR and MSR, and all of the options involve complex trade-offs. For fusion, one wants to maximize tritium production (the fuel), and thus, 6 Li is used to maximize tritium production. For fusion systems, FLiBe is the required salt coolant because it maximizes tritium production.
Under neutron irradiation, lithium fluoride-beryllium fluoride salts generate tritium by multiple pathways: 
Lithium-7 has a very small neutron cross section, and 6 Li has a large neutron cross section that maximizes tritium generation rates. With 7 Li salts, the residual 6 Li will partly burn out but will not go to zero if the salt also contains beryllium. Neutron reactions with beryllium will generate 6 Li that is converted into tritium.
The nuclear reactions have important chemical implications. With appropriate materials of construction, clean salts have extremely low corrosion rates. This was demonstrated in the MSRE where the secondary loop used FLiBe with very low corrosion rates. However, in a reactor under neutron irradiation, LiF is converted to 3 HF-hydrogen fluoride. Hydrogen fluoride is corrosive. Corrosion in saltcooled reactors (fission or fusion) is directly tied to the production of tritium. Tritium control and corrosion control cannot be separated.
If 3 HF is allowed to corrode metals of construction, tritium in its molecular form will be generated. To avoid corrosion, redox control agents can be added to the coolant for converting 3 HF to 3 H 2 . The redox potential determines the relative amounts of 3 HF versus 3 H 2 . While the 3 HF cannot escape the system, atomic 3 H from 3 H 2 diffuses through hot metals such as heat exchangers to the environment. Maintenance of long-term system integrity by assuring low corrosion rates implies converting 3 HF to 3 H 2 , but 3 H 2 can escape the system requiring methods for removal of 3 H 2 and methods for slowing escape of 3 H 2 from the system. A partial pressure of 1 H 2 in the cover gas will lead to isotopic exchange with 3 HF, producing 3 H-1 H, thus affecting the tritium transport rates. At the same time, introduction of H 2 in the cover gas may also shift the redox potential of the salt, thus affecting corrosion control. [31] [32] [33] [34] [35] [36] Tritium generation rates depend not only upon the salt selection and whether the reactor is a FHR, MSR, or fusion machine but also on the specific design features. This is most evident in the design of FHRs where there are large variations in the fraction of the core that is salt, with a significantly higher salt fraction in a pebble-bed reactor than in a FIRM core design. For one pebble-bed FHR design, it was estimated 13 that ϳ0.03% of the tritium produced could be allowed to escape in order to stay below the tritium emission rates of the current fleet 37 of pressurized water reactors [2.2 Ci/GW(electric) · day or 810 Ci/GW(electric) · year].
Stempien et al. 34, 35 and Stempien 36 built a model ( Fig. 6 ) for FHRs that accounts for tritium production, corrosion, and transport that can predict behavior and calculate the impact of different methods to limit tritium losses or capture tritium. The model has been validated with the limited experimental data that are available. More experimental data are required to validate results.
Tritium Diffusion EvolutioN and Transport (TRIDENT) has been used to model a FHR with a carbon bed for tritium removal as 3 H 2 (the model accounts for the diffusion and removal of HF to the graphite as well). The model results are shown for one case in Table III . In this case the carbon bed is designed to enable sufficient tritium removal to limit tritium releases to acceptable levels. TRIDENT simulates tritium production and removal with time including buildup of tritium in sinks and other transient phenomena.
Several conclusions follow from such modeling. The allowable tritium gas pressure in the primary system with metallic heat exchangers is on the order of magnitude of 0.05 Pa. If the tritium gas pressure is greater than this, the concentration gradients of tritium through hot heat exchangers may allow tritium to escape during operations in excess of releases from light water reactors. 37 The same limit would apply to a MSR or a fusion machine. The difference with a fusion machine is that the starting concentration of tritium in the salt is three orders of magnitude larger than in a FHR, and tritium is recovered from the salt for subsequent use as fuel. The calculated partial pressure of 3 HF is also given, but HF cannot diffuse through hot metal. Graphite absorbs both 3 H 2 and 3 HF. The requirements in Table III for allowable levels of tritium in the salt are strongly dependent upon permeation rates of tritium through hot heat exchangers to the environment. If high-performance coatings are incorporated into the heat exchangers to slow migration of tritium, higher concentrations of tritium can remain in the salt. Consequently, there is a trade-off between high-efficiency removal of tritium from the salt and highly effective barriers to slow tritium transport through the heat exchangers. Salts dissolve oxides and most other permeation barriers, and thus, in most cases the barrier would have to be on the outside of the tube. The exception is tungsten, which has a low tritium permeability and is corrosion resistant in liquid salts.
There are other incentives to minimize tritium levels in reactors. For example, if there is a higher partial pressure of tritium, there will be more sorption of tritium on carbon and other materials in the reactor core. Under accident conditions where the temperature increases, this tritium would be desorbed. Additional incentives exist to keep tritium levels very low in the salt coolant. There is some evidence that the permeation rate for metal heat exchangers outside the reactor is surface limited below 100 Pa and varies as the hydrogen pressure whereas above 100 Pa the permeation rate is diffusion limited and varies as the pressure to the one-half power. 38 The practical implication is that the permeation rate decreases at a faster rate as the pressure goes below 100 Pa (surface limited), which implies the potential that permeation (tritium loss) rates may be an order of magnitude less at very low tritium pressures.
IV. TRITIUM CONTROL AND CARBON
Carbon in the form of isotropic graphite is used in FHRs and thermal-spectrum MSRs as a neutron moderator. The fuel microspheres designed for FHRs and HTGRs are dispersed in graphite matrix and packed as pebbles, compacts (FIRM assembly), or other geometries. There is a great deal of information about the behavior of graphite in nuclear reactors. In the United States, most of the work on nuclear-grade graphite has been done at ORNL (Refs. 39 and 40) .
The MSRE at ORNL proved that graphite can physically withstand intense neutron irradiation in hightemperature FLiBe (Ref. 41 ) and also showed significant tritium uptake in the graphite. It also identified issues that need to be mitigated: (1) Salt penetration in graphite porosity may cause local hot spots where the graphite damage may be accelerated and (2) retention of fission products ( 135 Xe, noble metals, etc.) has an adverse effect on reactor performance by absorbing neutrons. In this context, it is important to make a clear distinction between a MSR with dissolved fuel and a FHR or fusion reactor with clean salt. In the MSR, the salt with fuel generates heat at high rates due to fission in the reactor core. If any of that salt penetrates the carbon, it brings with it the high rate of heat generation that can create a hot spot where the salt penetrates the carbon. This does not happen in a FHR or fusion machine.
The solution identified by the MSRE project and pursued currently by the CAS (Ref. 42 ) is sealing graphite porosity by surface coating with an impermeable layer of pyrolytic carbon (PyC). This layer has a high degree of planar orientation and substantially reduces infiltration of molten salt and gases in graphite but requires careful engineering to avoid the potential for separation because graphite and PyC have different rates of dimensional changes during irradiation. 43 The PyC coating is expected to substantially reduce the structural damage that might be caused by the known tendency of Li ϩ and F Ϫ ion intercalation of between graphite layers. 44 However, such layers may also slow tritium kinetics of absorption. Such considerations indicate that tritium and carbon behavior in the reactor core may be different from tritium and carbon behavior outside the core in MSRs. Sealing of carbon surfaces in the core is probably not required for a FHR with clean nonfuel coolant salt. Tritium in carbon is important in these systems in three different contexts that have three different environments.
IV.A. Carbon in Reactor Cores
The FHR fuel contains carbon, and thermal-spectrum MSRs use graphite as the neutron moderator. Tritium holdup in the carbon may be significant, although there are order-of-magnitude uncertainties for maximum hydrogen solubility in graphite at high temperatures. 45, 46 In addition, the fuel assembly contains a graphite matrix material in which the fuel particles are embedded. This material has different characteristics from bulk graphite moderator.
At one extreme of tritium behavior in a reactor core is the pebble-bed FHR with online refueling 13 where there is the possibility to use the pebbles as the main tritium capture system. Experimental work will be required to confirm this capability. That is a consequence of three features of this system: 1. Sorption: Pebbles, as being designed for gascooled reactors, have no protective PyC coating as might be required for carbon in a MSR core-no barriers for tritium sorption. It is known that hydrogen isotopes permeate through graphite at high temperatures, move along crystallite boundaries, and eventually become trapped as atoms at the edges sites and defects of graphite crystallites. [47] [48] [49] This dissociative chemisorption process is easier on carbon atoms at zigzag terminal positions of graphene sheets than at armchair positions 50 and is much more difficult on defect-free basal planes. 51 2. Time in reactor core: The fuel pebbles enter the core, flow through the core, and exit the core with a residence time of ϳ1 month. When a pebble exits the core, its burnup is measured. If the pebble is not fully burned, it is returned to the core with an average pebble flowing through the core about a dozen times before becoming spent nuclear fuel (SNF). There is the option of heating the pebbles as they are circulated out of the core to remove the tritium before sending the pebbles back to the reactor core. If all tritium were absorbed onto the fuel elements in a pebble-bed FHR, a loading of 2 to 10 parts per million by weight T/C would be necessary. 52 This is not viable for other fuel forms containing carbon because the carbon capability to pick up tritium will saturate due to the longer times between refueling.
Carbon form:
The matrix carbon material used in fuel pebbles 53 has a lower graphitization temperature than isotropic graphite and is more sensitive to oxidation. 54 Fuel pebbles are made by overcoating the fuel particles with a graphite-resin mixture. The particles are then heated and pressed. Heating temperatures must be limited to avoid damaging the fuel particles. For the same reason, it is expected to be more reactive toward H (or T) atomic species that might be trapped from molten salts. After all, the fact that tritium is present as an ion (T ϩ ) in the salt and not in molecular form (T 2 ) makes chemisorption more favorable. Dissociation of H 2 (T 2 ) is a great energy penalty for formation of new ϾC-H (or ϾC-T) bonds. In systems where H 2 occurred on catalytic sites, new ϾC-H bonds were formed even at room temperature. 55 However, this assumption needs further verification.
The equilibrium quantities of tritium in the core depend upon the average tritium levels in the coolant; thus, inventories can be minimized by maintaining low levels of tritium in the coolant. Tritium inventories can also impact SNF and graphite management 56 where there may be incentives to heat SNF before long-term storage to drive off salts and tritium It has not been determined at FHR conditions if hydrogen absorption into graphite is kinetics limited or solubility limited. 57 If it is kinetics limited, the ratedetermining step can be mass convection in the salt, saltgraphite interface transport, intragraphite diffusion, or carbon-hydrogen reaction kinetics.
There is the option of adding hydrogen to the salt to dilute the tritium. If the reactor has 100 times as much nonradioactive hydrogen added to the system as there is tritium, several things occur. Hydrogen sorption on carbon is limited; thus, if everything else is held constant, the tritium inventory in the core graphite is reduced by a factor of 100. Similarly, the allowable hydrogen release rate from the system can be increased by a factor of 100 without changing absolute tritium releases. The added hydrogen would increase the waste stream containing the tritium by a factor of 100; however, the total tritium produced is small. A further complication is that there will be some hydrogen outgassing from the carbon in the fuel. Added hydrogen would make variations in hydrogen outgassing less important. In some systems it would make tritium removal easier. Added hydrogen will change the redox of the salt, that is, the relative amounts of H 2 versus HF.
In the MSRE, the carbon was reactor-grade graphite used as a neutron moderator. The requirements for tritium control were not initially understood, and the tritium uptake in graphite was not fully appreciated until the MSRE core graphite was analyzed for tritium. Since then, there have been several major programs 52 to understand tritium uptake in carbon in HTGRs and other reactors with graphite cores, both for operational reactors and in terms of decommissioning reactors with graphite cores. Fusion programs have also done limited work on tritium uptake on carbon.
Tritium uptake on carbon depends upon the carbon form, radiation damage to the graphite, and potential radiation flux levels. Generally, irradiation of carbon 58, 59 increases equilibrium hydrogen sorption but reduces the rate of hydrogen uptake. Carbon and other materials are being irradiated 60 at Massachusetts Institute of Technology (MIT) in 700°C FLiBe to understand this tritium behavior while similar experiments with irradiated and unirradiated samples are under way at University of Wisconsin-Madison 61 (UW).
IV.B. Out-of-Core Tritium Removal with Carbon
Initial modeling indicated that out-of-core carbon beds should be able to remove tritium from the clean salt in FHRs. TRIDENT simulations used the limited tritium absorption data available on isotropic graphite (ISO-88) for this analysis. However, hydrogen uptake varies greatly depending upon the specific carbon form. 62 Nonnucleargrade porous carbon forms have surface areas per unit of mass up to 1000 times larger than carbon forms used in the cores of nuclear reactors-and potentially hydrogen sorption capacities a 1000 times larger. The production of radiation-resistant nuclear-grade graphite involves heating the graphite to Ͼ2700°C resulting in a graphite with a low surface area and a large crystallite size.
In the last decade there has been a massive effort to examine carbon as a hydrogen storage system for hydrogen-fueled vehicles. While most of this work has been associated with hydrogen sorption on carbon at very low or near room temperature, that work 63,64 strongly suggests how to improve hydrogen uptake at higher temperatures. Nuclear-grade graphite undergoes hightemperature processing to produce a graphite with dimensional stability under high neutron radiation, which is a requirement that does not exist for a carbon absorber outside the reactor core. An out-of-core carbon bed can have the carbon and the bed optimized for tritium removal. This suggests the potential for relatively small carbon beds to efficiently remove tritium to very low concentrations in all salt-cooled reactor systems, fission and fusion.
There are other factors that may favor out-of-reactorcore tritium removal. Radiation reduces hydrogen atom diffusivity in graphite by one or two orders of magnitude after relatively low levels of irradiation, slowing the kinetics of tritium capture. 58, 59, 65 There has also been a massive and continuing effort to understand the behavior of carbon and hydrogen in a different context at higher temperatures but below those found in salt-cooled reactors. Much of this effort is associated with production of high-surface-area carbons used as a support structure for catalysts for (1) hydrogenation of various organics and (2) low-temperature fuel cells. The top-level requirements for a hydrogen catalyst are identical to those required for tritium removal: (1) very high surface area to maximize rate of transfer of hydrogen to the surface and (2) a surface that reacts with the hydrogen. Specialized forms of carbon are the classical materials used for hydrogen reactions. Figure 7 shows carbon with platinum nanoparticles used in some chemical reactors and low-temperature hydrogen fuel cells. These are industrial materials manufactured on a large scale with well-proven industrial processes.
This has multiple implications. First, noble metal nanoparticles improve the kinetics of hydrogen sorption on some types of carbon 66, 67 used in hydrogenation reactions in chemical plants. Whether this will be of major importance at higher salt-cooled-reactor temperatures is not fully known. Second, the ability to put various metals on carbon may enable a carbon bed to be used to remove metallic impurities in liquid salts.
In MSRs, large quantities of noble metal fission products are generated in the salt. 68 These noble metals plate out everywhere including on carbon surfaces but with a preference for metal surfaces. The noble metals are a major source of decay heat and result in MSR heat exchangers having extremely high radiation levels and significant decay heat even if the molten salt is drained from the heat exchangers. Noble metal fission product removal has been a significant challenge in MSRs.
With an external carbon bed, there is the option to coat much of the carbon with nickel or another metal to create an ultrahigh metal surface area. The expectation would be that noble metal fission products would plate out efficiently onto these surfaces. If the surfaces were a material such as nickel that is highly permeable to hydrogen, the result may be a carbon that also removes tritium. This would result in a MSR primary system with much lower levels of radioactivity when the fuel salt is drained from the system. It also creates the option of recovery of noble metal fission products for commercial use. This option has been examined in the context of reprocessing SNF but has generally been considered uneconomic because of the costs of separations. In this specific system a relatively pure waste stream of noble metals is produced that may change the economics. None of these commercial carbon forms existed when the MSRE was built, and thus, none were examined at that time for either tritium or noble metal removal.
There is one last potential application of an external carbon bed: removal of fission product gases xenon and krypton. This is a more speculative option. In the design of the MSRE, efforts were undertaken to avoid uptake of xenon and krypton in the graphite moderator because they are neutron absorbers. However, some uptake of xenon and krypton was observed 68 in the graphite in the core. It is believed that these inert gases diffused into void spaces that do not fill with salt because of liquid surface tension. There is the option to choose carbon to maximize xenon and krypton uptake. It is unknown at this time whether efficient carbon absorbers could be developed for MSRs to simultaneously remove tritium, krypton, and xenon at reactor temperatures.
Once tritium, Xe, and Kr are recovered, there are many technologies for separation and storage at lower temperatures outside the reactor. Low-pressure Xe and Kr 
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NUCLEAR TECHNOLOGY · VOLUME 197 · FEBRUARY 2017 absorption, separation, and storage have been demonstrated on porous (activated) carbon materials at temperatures close to room temperature. 69 Tritium can be stored on a wide variety of materials from uranium hydride beds to carbon at low temperatures, with many more options if tritium is converted into water.
Separate but partly coupled from the choice of absorber is the choice of absorber bed, with each bed having different characteristics:
1. Fluidized bed: The carbon particles are mixed with the hot salt. This is the simplest but least efficient absorber bed.
Fixed bed:
The carbon is fixed in a tank or cartridge, and salt flows through it. Tritium initially loads on the inlet side of the bed and then progressively loads the bed over time. Two or more fixed beds are used with one bed being regenerated while the other removes tritium. This is similar to many water ion exchange cleanup systems, and it is the simplest system.
Moving bed:
In a moving bed the carbon flows countercurrent to the flowing salt. This is the most complex option but with the greatest capabilities including continuous regeneration of the carbon bed and the potential to control redox potential.
The efficacy of any of these systems for tritium removal depends upon the fraction of the salt flow sent through the absorber bed and its location. If the goal is to minimize tritium in all forms in the reactor, a full-flow carbon bed between the reactor core and heat exchangers would be used. This minimizes tritium in the system. The most capable tritium removal system is the moving bed absorber. A high-performance moving bed system is shown schematically in Fig. 8 for removal of tritium from salt.
Hot salt from the reactor core enters the carbon absorber bed, and tritium is absorbed onto the carbon in a countercurrent absorber configuration. Salt flows upward while the carbon beads flow downward in the column, so the carbon with the highest tritium content contacts the salt with the highest tritium content. Fresh carbon beads with low tritium content are exposed to the salt leaving the bed with a low tritium concentration. Countercurrent flow maximizes tritium removal and tritium bed loading. The carbon beads float in the salt. While the theoretical density of graphite is higher than salt, most carbon forms have lower densities.
At the bottom of the absorber bed, the carbon beads enter an insulated and heated lifter tube that circulates the beads from the bottom to the top of the bed with the help of the carbon bead lifter. As the beads move upward and are heated, the tritium is desorbed and exits the reactor via the gas space above the top of the bed.
The carbon beads are returned to the absorber bed in a downcomer that is also heated. The temperature in the downcomer at the top matches the peak temperature in the lifter tube. Heating the carbon beads removes the tritium. There is the option of injecting an inert gas, hydrogen, or a gas mixture [H 2 , HF, inert gas] into the downcomer. This stripper gas would move upward in the downcomer and also exit to the off-gas system. The use of a stripper gas, depending upon the gas composition, has several functions:
1. Tritium removal: An inert gas will shift the equilibrium and remove added tritium from the carbon. Alternatively, if a mixture of inert gas and nonradioactive H 2 is injected into the downcomer, the nonradioactive hydrogen isotopically exchanges with the residual tritium in the carbon and lowers the residual tritium content of the carbon. This nonradioactive H 2 absorbed on the carbon will then exchange with tritium from the salt in the lower absorber bed lowering the residual tritium concentration in the liquid salt leaving the carbon bed. That, in turn, lowers release of tritium by diffusion through the hot heat exchangers. The hydrogen content of the carbon leaving the downcomer is determined by the carbon temperature. Higher temperatures imply less hydrogen on the carbon beds. The penalty of injecting nonradioactive hydrogen is additional hydrogen in the tritium that must be disposed of with the tritium.
2.
Redox control: Using a mixture of H 2 /HF in the stripper gas may allow control of the redox potential in the FLiBe. In the MSRE the redox potential at 650°C was maintained at Ϫ700.5 KJ/mol-F 2 to minimize corrosion. That redox potential could be maintained in the FHR (Ref. 4) if the ratio of partial pressures is This would require a reliable capability to measure the salt redox potential online to adjust the relative amounts of hydrogen and hydrogen fluoride in the stripper gas. The H 2 /HF absorbed on the carbon can be controlled by the temperature in the bottom half of the downcomer. Several experimental programs are under way to measure hydrogen behavior for tritium removal to enable design of a tritium control system. MIT (Ref. 70 ) is measuring hydrogen sorption and desorption on different nuclear and porous carbon forms at pressures near 1 Pa (FHR tritium pressure) over temperature ranges of 400°C to 1100°C. Some early results are shown in Fig. 9 . This example shows the dramatic differences in hydrogen sorption between nuclear-grade graphite and other carbon forms that have not gone through the extreme processing to assure dimensional stability in high neutron fluxes.
Using static and dynamic flow methods for chemisorption analysis, the adsorption capacity and relative uptake rate of hydrogen on different carbon forms are being tested. This includes high-performance activated carbons such as Maxsorb MSC-30, which demonstrated high H 2 uptake at room temperature and pressure, nucleargrade graphite IG-110U, fuel matrix graphite, and carboncarbon composites that are proposed for ORNL's plate fuel. More recently, the development of new carbon forms such as graphene 71 opens up additional classes of carbon as candidate tritium sorbers. By testing different forms of carbon that could exist in the FHR system, the performance of systems-level models can be improved.
Hydrogen and deuterium surrogates are used so that results can be extrapolated to tritium using rate theory. The emphasis is on conducting experiments over FHR operating conditions of temperatures from salt freezing at 459°C to a transient condition at 800°C and pressures of Ͻ1 Pa required to minimize release relative to the unmitigated case predicted by TRIDENT (Refs. 34, 35, and 36). The primary instruments being used are a Quantachrome Autosorb IQ-C for chemisorption and a Pfeiffer Prisma Plus for mass spectrometry during temperature programmed desorption. In parallel, various microstructural characteristics are being determined through BrunauerEmmett-Teller (BET) surface area analysis, pore size distribution, Raman spectroscopy, X-ray diffraction, and scanning electron microscopy. By understanding the effective diffusion pathways and identifying reactive hydrogen-binding sites, carbons can be selected or designed for each application.
University of Wisconsin-Madison 52 is characterizing tritium transport across the salt-carbon interfaces and into the carbon. MIT (Ref. 60) and UW are conducting integrated tests of tritium behavior on carbon that includes irradiating various forms of carbon in 700°C salt. These programs are expected to develop the required information on carbon tritium behavior in salt to predict tritium behavior in salt-cooled reactors and design tritium removal systems. The different programs (MIT, UW, CAS, etc.) have chosen several common carbon forms for testing 3 to enable benchmarking of results between the different laboratories using somewhat different techniques.
There are a limited number of other possible absorbers for tritium in molecular form that are chemically compatible with high-temperature salts. These are primarily metals such as nickel. What historically sets carbon apart from all other materials is its extremely high specific surface area, which is the basis for its use as a support structure for catalysts. However, new manufacturing processes such as additive manufacturing may be able to create high-surface-area metal forms with appropriate salt flow and tritium sorption characteristics. Figure 10 shows an example of additive manufacturing of metal structures. The goal is a geometric form with low liquid salt flow resistance, good mass transfer of tritium to metal surface, and good structural integrity. The diffusion coefficient of tritium in salt is low; thus, mass transfer is important. Such materials can be tested with the same methods as described earlier.
Such metal forms may greatly simplify the removal of noble metal fission products in MSRs. Such forms can be converted into low-surface-area solid waste forms by compression in a high-pressure press. This technique is currently used in reprocessing plants to convert SNF cladding and other highly radioactive metallic wastes into solid ingots.
There are limitations. A separate consideration is removal of other tritium species. Carbon will remove 3 HF, but these metallic forms may be able to remove only 3 H 2 and noble metals. If the redox chemistry is controlled, the tritium can be forced into the form of 3 H 2 .
IV.C. Operations
If a carbon bed is used for tritium removal and the reactor has carbon elsewhere in the system (FHR fuel and thermal-spectrum MSR moderator), tritium will be in both locations. If the carbon bed is designed to maintain very low levels of tritium in the coolant salt, there will be very low equilibrium levels of tritium elsewhere in the system. This characteristic simplifies operations because if the tritium removal system is down for any reason, the carbon elsewhere in the system will hold most of the tritium that is generated for several days until repairs can be made. It also implies low tritium inventories that could be released in an overtemperature transient event.
IV.D. Carbon and Corrosion
The presence of carbon in a salt system alters corrosion rates. Experiments at MIT and UW (Ref. 61) only are under way to understand the various mechanisms and testing different materials with and without carbon in the system.
V. OTHER OPTIONS FOR TRITIUM REMOVAL FROM SALT V.A. Gas Sparging
Tritium can be removed from high-temperature liquid salt using gas sparging where an inert gas such as helium or argon is mixed with the liquid salt, promoting the preferential transfer of tritium in different forms to the gas phase and then to the off-gas system. The primary requirement is a high gas-liquid surface area for efficient transport of tritium from the liquid to gas phase. This technology is being developed for (1) tritium and tritium fluoride removal from FHRs and (2) xenon, krypton, tritium (hydrogen and fluoride forms), and noble metals for MSRs. In the 1960s MSRE a gas purge was used to remove krypton and xenon. It was experimentally observed that the off gas contained large quantities of noble metal fission products. The noble metals are insoluble in the salt and migrated to the liquid-gas interface and then to the off-gas system. Since then, gas sparging has been the leading candidate for removal of noble metal fission products from high-temperature salts. Several different programs are developing alternative gas sparging technologies for salt cleanup.
The CAS plans to build a 10-MW(thermal) FHR and a 2-MW(thermal) MSR. The CAS is developing a gas sparging system 72 to remove xenon, krypton, tritium (hydrogen form and tritium fluoride), and noble metals from liquid salts. Helium will be injected into the salt with a venturetype bubble generator (0.3-to 0.5-mm bubbles) and removed with a centrifugal separator. A water version of the gas-liquid separator being used to develop the technology is shown in Fig. 11 . The liquid with gas bubbles flows in from the right through swirling vanes to create a rod-type gas zone in the middle, the gas is removed, and the liquid flows through recovery vanes before exiting the system.
In 2007 an experimental project was initiated in France to examine helium gas sparging to remove volatile fission products and noble metals from fast-spectrum MSRs (Refs. 73 and 74) . This included construction (Fig. 12 ) of water models and a molten salt loop [Forced Fluoride Flow for Experimental Research (FFFER)].
In the proposed system, the bubbles are introduced through a Venturi nozzle while a vertical column is used for liquid/gas separation. A rotating flow is induced in the vertical column separator by the tangential fluid inlet at the base. The induced centripetal forces allow separation of the bubbles from the bulk liquid flow. The process is stabilized by a fixed system inserted in the top of the column.
The experimental salt loop is operated with FLiNaK salt. This experiment also provided important experimental data/feedback on corrosion of FLiNaK salt on the stainless steel in the various loop components. These data have been used to develop static small-scale corrosion experiments. A new experimental facility is planned in the frame of the Euratom Safety Assessment of the Molten Salt Fast Reactor (SAMOFAR) to study molten salt thermal hydraulics.
The University of New Mexico (Albuquerque) 75, 76 (UNM) is initiating a program using ultrasonic gas sparging for tritium removal. Ultrasonics can potentially create smaller gas bubbles with higher surface area and thus more efficient mass transfer of tritium to the inert gas phase. In addition, bubbles entering an acoustic field can cavitate in two modes (stable and transient). In a stable cavitation mode, the bubble will oscillate with the sound field for several cycles or more of the applied wave field.
During this time, the bubble may grow due to rectified diffusion where the surrounding fluid pressure is low. Upon reaching its resonance radius, the bubble will start to collapse. In transient cavitation, an oscillating bubble can collapse in one or at most only a few acoustic cycles. The actual distinction is somewhat subjective but is typically related to the resident life of the bubble relative to the period of the applied field as well as the rate of time for bubble collapse and the associated violence of the collapse. It is postulated that this sonomechanical agitation of bubbles in the process stream will enhance local mass diffusion due to the oscillation of the bubble size (see Fig. 13 ) while also enhancing the bulk convective mass transfer occurring between the two-phase mixture due to enhanced turbulent mixing. The CAS and UNM programs are complimentary: Ultrasonics improves mass transfer, and the CAS system improves gas-liquid separations. While ultrasonic gas dispersion has been used in a variety of systems, it has not been applied to very high-temperature systems.
As discussed in Sec. IV.B, in these systems there is also the option to include various ratios of HF to H 2 in the sparging gas with the helium to control the redox of the salt. With this option the tritium in the reactor can be diluted with normal hydrogen so that much higher hydrogen release rates must occur to allow a fixed amount of tritium to escape. We are not aware of any studies to use the gas sparging system for redox control although the There is the option of using a spray tower or equivalent system where the liquid salt is in droplets or flowing over a high-surface-area medium such as a distillationcolumn mesh packing and the purge gas or vacuum is the continuous medium, which is the reverse of gas sparging. It is an option originally examined by Lawrence Livermore National Laboratory 77 for salt-cooled fusion machines where it was proposed that the droplets be sprayed into a vacuum tower. The engineering challenge is to provide an efficient pathway for the tritium gas to exit the tower.
The alternative to a vacuum is to have a purge gas flowing countercurrent to the gas droplets. This option may be attractive for one class of advanced MSR designs that is being developed by Hatch of Canada 78 where the liquid salt flows downward through the reactor core through constrictions during normal operations to critically safe passively cooled dump tanks under the reactor core, which is a type of spray tower. The liquid salt is pumped from these tanks through the heat exchangers back to the reactor core. Any failure, including loss of power, results in the salt draining to a safe configuration.
The salt can be dispersed as droplets or flow over a metal mesh, both providing a high surface area for the liquid salt to allow the dissolved gases (tritium, xenon, and krypton) to diffuse over short distances from the liquid salt phase into the gas phase. If a high-surface-area metal mesh is used, one would expect the noble metals to plate out on the surface of the mesh, which addresses another salt cleanup challenge of MSRs. Engineered high-surface-area packings have been developed over the last 30 years for use in distillation columns and scrubbers.
V.B. Permeators
Tritium can be removed by metallic permeators. Permeators are tubes designed for high rates of hydrogen transfer through the tube where salt would be on one side of the tube and a vacuum or hydrogen getter would be on the other side of the tube to provide a large hydrogen gradient to maximize hydrogen transport. Permeators are used in the laboratory and some process operations for tritium separation and isotopic separation of different hydrogen isotopes.
Investigations are under way at The Ohio State University 79, 80 (OSU) and ORNL for tritium separation in salt-cooled systems using permeators. A large part of this effort is to find ways to increase salt turbulence near the tubes to increase the rate of tritium transport from the salt to the permeator tubes. At OSU various fixed-bed and permeator options 80 for tritium removal were evaluated, and a preliminary design of a permeator for a tritium removal facility with a cross-flow configuration between the salt and carrier gas has been developed. Computational simulations have been performed to evaluate the mass transfer efficiency. A small-scale validation experiment of the proposed tritium permeator using hydrogen as a surrogate is being planned.
V.C. Double-Wall Heat Exchangers
Double-wall heat exchangers are used in the chemical industry when there are two fluids where violent reactions would occur if there was a tube failure. They have also been developed for SFRs for sodium-water heat exchangers. Such heat exchangers can be used to block tritium transport by three mechanisms: (1) vacuum between the tubes to capture tritium, (2) solid hydrogen getter between the tubes to sorb the tritium, or (3) flowing fluid such as lithium that acts as a getter. The double-wall system is both a barrier to tritium release and a collection system. At OSU, a natural draft heat exchanger (NDHX) is currently being designed and optimized for the direct reactor auxiliary cooling system (DRACS). In this design, DRACS secondary fluoride salt flows inside the inner tubes, and sweep gas (helium) flows in the annuli with air flowing outside the tubes. A fraction of the heat and tritium is removed by the sweep gas, and the remaining is removed by the outside air. A MATLAB code involving heat transfer and tritium mass transfer is being developed to aid the design optimization of such an NDHX.
At UNM, compact double-wall heat exchangers are being experimentally investigated for the salt power-cycle heat exchanger. These heat exchangers utilize an outer twisted tube configuration to enhance shell-side heat transfer and make the overall bundle more compact while utilizing a traditional circular inner tube to withstand high-pressure differentials across the tube wall. A combination of the tube coatings and tritium getters such as yttrium hydride is being evaluated from thermal performance and fabrication feasibility perspectives.
V.D. Power Cycles
More than 99% of the surface area in a reactor is the heat exchanger to the power cycle. The alternative to trapping tritium in the primary system is trapping it in the power cycle. Work is under way by the CAS and others 84 on closed Brayton power cycles using helium or carbon dioxide. The helium closed cycles can incorporate FIRES for heat storage.
Tritium can be removed from the working gas in these power cycles. It is much easier for tritium to leak into the power cycle through hot heat exchangers than leak out of the power cycle through the much colder heat exchangers associated with the heat sink. Tritium diffusion in metals decreases rapidly with temperature. In effect, tritium tends to be trapped in closed power cycles.
VI. TRITIUM BARRIERS
There is a large literature and experience base on barriers to prevent diffusion of tritium to the environment. Better barriers reduce the requirements on the tritium removal systems in that the allowable concentrations in the salt may be higher, but they do not change the need for a tritium removal system. Without a tritium removal system, the tritium concentrations continue to increase creating a larger driving force for tritium diffusion through containment barriers. In the context of salt-cooled systems, the CAS is currently measuring permeation of hydrogen through various materials of construction and alternative methods to reduce tritium diffusion in saltcooled reactors. The Idaho National Laboratory (INL) STAR facility for the fusion program has also had a major effort in measuring permeation rates through various materials. 85 In any nuclear reactor, Ͼ99% of the primary system surface area is in the heat exchangers. For efficient heat transfer these are thin metal walls relative to primary system pipes and vessels; thus, the primary concern is tritium transport through these heat exchangers to the power cycle. The choice of power cycle can have a large impact on the difficulty in containing tritium. If it is a closed helium, carbon dioxide, or steam power cycle, the tritium can be captured in the power cycle. However, in the case of steam, any leakage of tritium into the steam will result in the tritium contamination of the steam and the difficult task of separating tritium from that water.
Two specific examples of tritium barriers were identified in terms of applicability to salt-cooled reactors: one on the salt side of the heat exchangers and the other on the air side of the heat exchangers. Tritium production targets in pressurized water reactors (ϳ300°C) use aluminide coatings 1 on the inside of Type 316 stainless steel to prevent tritium losses. This is the only high-temperature tritium barrier that we identified that is currently used on an industrial scale. Aluminide coatings are incompatible with salts.
The historical challenge with permeation barriers is that the laboratory performance has been excellent but that performance in larger systems has been much lower because of the formation of microcracks in very thin surface layers. Limited information suggests this may not be a problem for a salt-cooled reactor with NACC. The aluminide surface layers are formed by exposing the metal to hot oxidizing air, which is the environment created by the heat exchangers within NACC. Because NACC creates the environment used to make this coating, the expectation is that any cracks in the permeation layer will self-repair. Tests in large systems will be required to measure real performance.
Second, tungsten can be plated onto the inside of heat exchangers as a tritium barrier. 36, 86, 87 Tungsten has an extremely low solubility for hydrogen and thus is a barrier to hydrogen diffusion. Tungsten plating has been used for other applications. Tungsten is chemically compatible with liquid salts whereas most other tritium barriers are not chemically compatible with high-temperature salts.
VII. CONCLUSIONS
A confluence of events in three power technologies (FHR, MSR, and fusion) in the last several years has created the need for control and removal of tritium from high-temperature coolant salts. While there is massive experience in tritium capture and control under many different environments, that experience has not been in 700°C salt where the tritium is in the forms of 3 H 2 and 3 HF at partial pressures of fractions of a pascal.
The current status of tritium control and capture is that limited data indicate it is feasible to maintain very low levels of tritium in a salt-cooled reactor using carbon. However, the experimental database of tritium sorption on carbon at the required conditions is small with large uncertainties. The advances in carbon technology may enable dramatic improvements in removal of tritium and other impurities from these salts. Current programs are under way to collect the experimental information needed to design tritium removal systems for salt-cooled reactors.
The status of other control technologies is somewhat behind that of capture on carbon, but experimental work is expected to provide answers in the next several years with significant efforts associated with gas sparging, partly because in a MSR, sparging is used to remove krypton and xenon.
